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FOREWORD 


This  report  was  prepared  by  New  York  University,  New  York,  N.  Y,, 
under  Contract  No.  AF  33t657)-8233.  This  contract  was  initiated 
under  Project  No.  7351,  "Metallic  Materials",  Task  No.  735106, 
"Behavior  of  Metals".  The  work  was  administered  under  the  direction 
of  the  Directorate  of  Materials  and  Processes,  Deputy  for  Technology, 
Aeronautical  Systems  Division,  Wright-Patterson  Air  Force  Base,  Ohio, 
with  Mr.  D.  M.  Forney,  Jr.  acting  as  project  engineer. 

This  report  covers  work  conducted  from  February  1962  to 
August  1962. 


ABSTRACT 


The  results  of  creep-buckling  experi^nts  on  long,  simply-supported 
plates  of  aluminum  alloy  2024-0  at  500f  under  axial  compression  were 
correlated  with  a  previously  developed  theory  for  perfect  plates.  Com¬ 
pressive-creep  properties  of  the  test  material  were  obtained  to  develop 
the  theoretical  results.  The  plate  experiments  were  performed  using  a 
square-tube  configuration  after  an  evaluation  program  indicated  that  the 
conventional  vee  groove-knife  edge  arrangement  for  simulating  simple  support 
was  unsatisfactory  for  use  at  elevated  temperatures.  The  theory  was  found 
to  have  predictive  value  for  plate  creep  buckling  when  used  in  normalized 
form.  A  simplified  approach  for  predicting  creep  crippling  was  also  corre¬ 
lated  with  the  test  data.  1 
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1 .  Introduction 


A  theory  of  creep  buckling  of  perfect  plates  and  shells  had  been 
developed  as  part  of  the  creep  buckling  investigation  (1).  It  was  the 
objective  of  the  experimental  program  reported  herein  to  obtain  creep 
buckling  data  on  long  plates  for  correlation  with  the  previously  develop¬ 
ed  theory.  In  addition,  test  data  on  creep  crippling  were  obtained  and 
correlated  with  a  proposed  method  of  analysis. 

A.  Boundary  Conditions: 

The  major  problem  in  performing  buckling  experiments  whose  results 
are  to  be  correlated  with  theory,  is  simulating  the  mathematical  boundary 
conditions  required  by  the  theory.  If  the  theory  described  in  Ref.(l)  is 
applied  to  long  plates,  the  boundary  conditions  along  the  loaded  edges 
are  not  of  major  significance,  although  a  small  correction  to  the  buckling 
coefficient  would  be  necessary  to  take  into  account  the  actual  elastic 
restraint  at  the  ends. 

The  experimenter  has  a  choice  for  the  unloaded  plate  edges  of  using 
either  clamped  or  simply  supported  edges  since  theoretical  values  of  the 
buckling  coefficient  exist  for  each  condition.  Simulating  clamped  boundary 
conditions  on  the  unloaded  edges  of  a  specimen  plate  and  loading  such  a  con¬ 
figuration  however,  present  formidable  difficulties  in  the  laboratory.  Sim¬ 
ulating  simple  support  boundary  conditions,  while  not  in  the  category  of  a 
routine  laboratory  operation,  presents  fewer  difficulties  than  simulating 
clamped  edges. 

B.  Vee  Groove-Knife  Edge  Simple  Support  Simulation: 

A  conmonly  used  configuration  for  simple  support  on  the  unloaded  edges 
of  long  plates  employs  a  support  jig  containing  vee  grooves.  The  unloaded 
specimen  edges  are  bevelled  to  fit  into  the  grooves  of  the  jig.  Such  a  jig 
must  meet  the  appropriate  boundary  conditions  of  zero  lateral  deflection 
and  zero  moment.  In  addition  it  must  not  introduce  significant  in-plane 
forces  into  the  plate  and  it  must  offer  little  restraint  to  longitudinal 
compression  of  the  plate.  The  ideal  support  jig  would  simulate  the  mathe¬ 
matically  imposed  boundary  conditions  as  well  as  the  other  criteria  while 
allowing  plate  growth  due  to  thermal  expansion  and  Poisson  effects  as  well 
as  allowing  in-plane  edge  displacements  due  to  buckling. 

A  support  jig  was  constructed  with  the  vee  groove-knife  edge  configura¬ 
tion.  A  series  of  evaluation  experiments,  whose  results  are  described  in 
detail  in  the  Appendix  of  this  report,  indicated  that  although  this  arrange¬ 
ment  was  satisfactory  for  room  temperature  experiments  on  elastic  plates. 
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significant  frictional  effects  developed  at  the  500  F  test  temperature  in 
both  short  time  buckling  and  creep  buckling  experiments.  These  anomalous 
effects  were  detected  by  comparing  autographically  recorded  and  shortening 
data  from  the  buckling  experiments  with  the  appropriate  compressive  short 
time  stress-strain  data  and  compressive  creep  data  obtained  from  independent 
tests  on  material  property  specimens. 

C.  Square  Tube  Configurations: 

It  was  clear  that  frictional  effects  had  to  be  eliminated  in  the 
experiments  if  the  correlation  of  test  data  with  creep  buckling  theory 
was  to  be  meaningful.  An  experimental  configuration  in  which  the  mathe¬ 
matical  boundary  conditions  can  be  simulated  and  in  which  frictional 
effects  are  absent  is  the  square  tube.  As  is  well  known,  this  configura¬ 
tion  of  four  orthogonal  flat  plates  does  simulate  simple  support  since 
after  buckling  but  prior  to  failure,  the  four  unsupported  edges 
straight  (w  =  0)  and  the  corner  angle  remains  a  right  angle  (d  w/oz  u). 

In  the  past  difficulties  in  obtaining  such  tubular  material  in  aircraft 
structural  alloys  or  difficulties  in  fabricating  this  configuration  from 
solid  stock  have  discouraged  its  use  in  stability  studies  of  flat  plates. 
However,  in  view  of  the  serious  limitations  of  jigs  in  simulating  the 
boundary  conditions  without  introducing  extraneous  effects  into  the  speci¬ 
men,  it  appeared  that  any  extra  efforts  which  would  be  required  to  fabri¬ 
cate  square  tube  specimens  would  be  justified. 

Although  it  was  not  possible  to  obtain  extruded  square  tubes  in  the 
2024  aluminum  alloy,  extruded  channel  sections  in  this  alloy  were  avail¬ 
able.  These  were  welded  together  to  form  the  desired  configuration  using 
strips  of  the  same  alloy  as  the  filler  material. 

The  experiments  described  herein  were  conducted  with  square  tube  speci¬ 
mens  of  two  wall  thicknesses.  A  set  of  long  thin  wall  specimens  was  used 
for  the  plate  experiments  and  a  set  of  shorter  thick  walled  specimens  for 
obtaining  compressive  short  time  stress-strain  and  compressive  creep  pro¬ 
perties  of  the  test  material . 
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2.  Square  Tube  Experiments 


A.  Plate  Specimens; 

Extruded  aluminum  alloy  2024-T3  channel  was  received  with  the 
following  cross  section  dimensions:  thickness  1/8  in.;  base  width  1  in.* 
leg  height  5/8  in.  In  order  to  fabricate  plates  with  a  thickness  ratio 
of  approximately  25,  the  thickness  was  uniformly  reduced  to  0.040  in.  by 
machining  the  inner  surfaces  of  the  channel.  This  procedure  maintained 
the  1  in.  base  width.  The  leg  height  was  reduced  to  1/2  in.  and  the  free 
edges  were  externally  bevelled  to  receive  the  filler  material.  Pairs  of 
prepared  channel  sections  were  welded  together  to  form  square  tubes  using 
strips  of  the  same  aluminum  alloy  2024-T3  as  filler  material.  Excess 
filler  material  was  machined  away  and  the  square  tube  sections  were  cut 
into  4-1/8  in.  lengths  with  the  ends  held  parallel  within  ±  0.0005  in. 

The  specimens  were  then  annealed  to  the  "0"  condition  by  the  following 
heat  treatment;  775°F  2  hrs.;  cool  to  500®F  at  40“F/hr;  furnace  cool. 

B.  Material  Property  Specimens; 

Welded  square  tube  specimens  with  the  full  1/8  in.  wall  thickness  and 
3  in.  long  were  fabricated  in  the  same  fashion  as  the  specimens.  These 
were  annealed  simultaneously  with  the  plate  specimens,  thus  assuring  that 
all  specimen  material  would  undergo  exactly  the  same  heat  treatment. 

C.  Buckling  Experiments  on  Plates  at  500‘’F: 

Instrumentation  which  had  previously  been  developed  for  lateral  deflec¬ 
tion  and  end  shortening  measurements  on  the  vee  groove-knife  edge  configura¬ 
tion  was  adapted  for  use  with  square  tube  specimens.  A  parallelogram  link¬ 
age  employed  for  lateral  deflection  measured  the  maximum  buckle  amplitude 
present  on  the  two  opposite  unwelded  plates  of  the  four  plate  configuration 
irrespective  of  where  it  occurred. 

The  end  shortening  measurements  were  made  over  a  3-5/8  in.  gage  length 
with  gage  points  located  1/4  in.  from  the  specimen  ends  on  two  opposite 
sides  of  the  configuration.  The  separate  end  shortening  measurements  were 
electrically  averaged.  A  jig  was  constructed  to  support  the  instrumentation 
and  the  various  deflections  were  transferred  out  of  the  heated  area  to 
differential  capacitor  instrumentation. 

A  photograph  of  the  installed  specimen  and  instrumentation  is  shown  in 
Figure  1,  Also  shown  in  the  photograph  is  a  bearing  block  used  to  transmit 
the  load  from  the  movable  ram  of  the  testing  machine  to  the  specimen.  A 
second  bearing  block  for  the  stationary  ram  is  integral  with  the  instrumen¬ 
tation  jig. 

Procedures,  loading  equipment  and  autographic  recording  instrumentation 
were  identical  to  that  employed  previously  in  creep  buckling  experiments  on 
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columns  and  are  described  in  detail  in  Ref. (2). 


The  following  experiments  were  performed,  each  in  duplicate  at  500  F: 


1.  Short  time  buckling  and  crippling. 

2.  Creep  buckling  and  creep  crippling  at  the  following  applied  stress 
levels:  8A00  psi,  78A0  psi,  7280  psi,  and  6720  psi.  (Three  ex¬ 
periments  were  performed  at  78A0  psi). 

Crippling  times  ranged  from  several  minutes  to  several  hours  over  the  range 
of  applied  stresses.  Crippling  was  evidenced  by  the  simultaneous  rapid  in¬ 
crease  of  end  shortening  and  lateral  deflection  which  occurred,  as  will  be 
subsequently  shown,  when  the  lateral  deflection  reached  approximately  60/o 
of  the  thickness. 


A  crippled  specimen  together  with  an  untested  specimen  is  shown  in 
Figure  2.  It  is  evident  that  a  number  of  buckle  wave  forms  are  present 
with  one  such  wave  form  of  slightly  greater  amplitude  than  the  others.  A 
careful  examination  of  all  tested  plate  specimens  revealed  that  the  maximum 
amplitude  wave  form  did  not  occur  in  the  same  area  in  each  specimen.  This 
was  an  indication  of  lack  of  bias  in  the  test  procedure  to  favor  a  particular 
failure  location. 


D.  Compressive  Properties  Tests  at  SOO^F: 

Using  procedures,  loading  apparatus  and  autographic  recording  instru¬ 
mentation  as  previously  described  in  Ref. (2),  both  short  time  and  creep  pro¬ 
perties  in  compression  were  obtaimd  using  1/8  in.  thick  wall,  welded  square 
tube  specimens.  Strain  was  measured  over  a  2  in.  gage  length  in  the  follow¬ 
ing  tests,  each  performed  in  duplicate: 


1.  Short  time  compressive  stress  strain. 

2.  Compressive  creep  at  the  following  applied  stress  levels;  8A00  psi, 
78A0  psi,  7280  psi,  and  6720  psi. 

Care  was  taken  during  the  experiments  to  maintain  a  strain  rate  during  load¬ 
ing  of  approximately  O.OA  in/in/min,  the  value  which  had  been  used  in  the 
short  time  and  creep  plate  buckling  experiments. 


The  scatter  of  the  strain  values  both  for  the  short  time  tests  and  the 
creep  tests  was  found  to  be  quite  small.  A  maximum  variation  of  ±  2%  was 
found  in  the  short  time  tests  while  the  maximum  scatter  for  the  creep  tests 
was  found  to  be  as  follows; 


8A00  psi  applied  stress 
78AO  psi  applied  stress 
7280  psi  applied  stress 
6720  psi  applied  stress 


±  A.57o 
±  0.9% 
±  3.2% 
±  A. 6% 


A 


3.  Test  Results 


A.  Properties  of  the  Test  Material  at  500°F; 

The  average  short  time  compression  stress  strain  curve  of  the  aluminum 
alloy  2024-0  test  material  at  SOO^F  is  shown  in  Figure  3.  Average  com¬ 
pression  creep  curves  of  the  specimen  material  are  shown  in  Figure  4. 

The  most  probable  value  of  the  compression  modulus  of  elasticity  at 
500° F  under  the  strain  rate  conditions  of  the  test  as  determined  from  the 
short  time  tests  and  from  the  recorded  stress  strain  curve  during  loading 
prior  to  creep  tests  was  8.0  x  10^  psi. 

B.  End  Shortening  and  Lateral  uef lection  Data  from  Buckling  Tests  at  500° F: 

End  shortening  and  lateral  deflection  data  as  a  function  of  stress 
level  from  short  time  buckling  tests  are  shown  in  Figure  5.  Also  shown  in 
the  figure  is  the  average  short  time  compression  stress  strain  curve. 

End  shortening  and  lateral  deflection  data  as  a  function  of  time  are 
shown  in  Figures  6  through  9  for  the  following  applied  stress  levels: 

8400  psi,  7840  psi,  7280  psi  and  6720  psi.  In  one  experiment  at  8400  psi 
there  was  instrumental  failure  in  the  end  shortening  recording  system, 
hence  the  data  are  not  given. 

Also  shown  in  the  figures  are  the  appropriate  creep  curves  for  com¬ 
parison  with  the  end  shortening  data.  In  computing  the  value  of  the  plate 
width  to  thickness  ratio  it  has  been  shown  in  Ref. (3)  that  the  inside  width 
of  the  square  tube  is  the  pertinent  measurement  to  be  used.  The  appropriate 
value  for  the  width  to  thickness  ratio  for  the  specimens  used  in  this  in¬ 
vestigation  was  then  b/h  =  23.0. 

C.  Discussion  of  Experimental  Results: 

The  end  shortening  curve  closely  follows  the  pertinent  stress-strain 
or  creep  curve  in  most  experiments  until  significant  lateral  deflections 
occur.  This  is  an  indication  that  the  instrumentation  and  its  supporting 
jig  introduce  little  restraint  to  the  square  tube  plate  specimens.  It  is 
interesting  to  note  that  the  first  appearance  of  lateral  deflections  appears 
to  have  little  influence  on  the  end  shortening  curve,  hence  the  latter  is 
an  insensitive  indication  of  plate  buckling.  Plate  crippling  however  is 
accompanied  by  a  large  increase  of  end  shortening. 

Since  it  is  difficult,  experimentally,  to  fabricate  and  test  a  perfect 
plate  specimen,  the  choice  of  where  buckling  first  occurs  in  terms  of  lateral 
deflection  becomes  more  or  less  arbitrary.  In  three  experiments  however,  the 
specimens  were  sufficiently  "perfect"  such  that  lateral  deflections  occurred 
quite  suddenly  with  a  sharp  break  in  the  lateral  deflection  curve.  These 
were  the  two  short  time  experiments  and  one  creep  buckling  experiment  at 
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7280  psi  (specimen  No.  23). 

D.  Accuracy  of  the  Data: 

The  loading  equipment  and  recording  instrumentation  used  in  this 
study  were  the  same  as  had  been  used  previously  for  studies  on  columns. 
The  statement  on  experimental  accuracy  given  in  Ref. (2)  as  applied  to 
equipment  and  instrumentation  would  apply  to  the  current  experiments. 
Major  sources  of  error  are  summarized  below: 

1.  Extensometer  stability  ±  0.17.  per  day. 

2.  Maximum  extensometer  error  ±  1%. 

3.  Maximum  loading  system  error  ±0.5%.  ^ 

4.  Maximum  spatial  and  temporal  temperature  variation  ±  2  F. 

5.  Recorder  stability  ±  0.25%  per  month. 

6.  Timing  errors  were  negligible. 
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4.  Correlation  of  Test  Data  with  Theory 


In  the  correlation  of  plate  buckling  data  with  theory  an  inherent 
difficulty  lies  in  establishing  from  the  experimental  data  when  buckling 
has  occurred.  This  is  due  to  the  fact  that  a  plate  in  a  short  time  test 
can  continue  to  support  increasing  loads  after  buckling  and  sudden  collapse 
does  not  occur  until  the  crippling  or  failure  load  is  reached.  The  latter 
can  be  considerably  in  excess  of  the  buckling  load.  In  the  case  of  creep 
experiments  where  a  constant  load  is  applied  the  plate  can  continue  to 
support  the  applied  loading  for  relatively  long  times  after  buckling. 

The  use  of  a  lateral  deflection  criterion  for  buckling  of  imperfect 
plates  is  far  from  ideal  since  the  degree  of  imperfection  will  influence 
the  lateral  deflection  values.  However,  in  the  absence  of  other  more 
rational  criteria,  we  have  arbitrarily  assumed  that  buckling  has  occurred 
when  the  lateral  deflection  reaches  5Z  of  the  plate  thickness.  In  the  few 
relatively  "perfect"  specimens  the  buckling  stress  was  chosen  to  coincide 
with  a  sharp  break  in  the  lateral  deflection  curve. 


A.  Short  Time  Buckling; 


An  appropriate  solution  for  the  short  time  plastic  buckling  of  long 
simply  supported  plates  has  been  given  in  Ref. (4)  as; 


a 


cr 


ff^knE  .hv2 

12(1.v2)‘^^ 

e 


(1) 


where 


d-v")  E 

6  S  r  1  t  /  ^  I  ^ 
T  ~  o  Of  L  1  +  (/.  "b  /. 


..  2.  2E 

(1-v  ) 


4  E 


(2) 


and 


V  =  0.5  -  0.2  E  /E 
s 


(3) 


For  very  long  simply  supported  plates,  k  =  4.  However,  in  the  experi¬ 
ments  performed  the  aspect  ratio  of  the  plates  was  approximately  4  and  the 
loaded  edges  could  be  considered  clamped.  In  this  case  it  is  shown  in 
Ref.  4  that  k  =  4.15. 

From  Eq . ( 1 ) 


a  2,  ,  _ 

cr  ^  It  k  .h..2 

12(l-Vg)  ^ 


(4) 
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Using  the  appropriate  values  in  Eq.(4) 


=  0.00709 
TIE 


(5) 


The  left  hand  side  of  Eq.(5)  can  be  evaluated  with  the  aid  of  Eqs.(2) 

and  (3)  and  the  short  time  compression  stress- strain  curve  to  find  the 

value  of  0  _  which  corresponds  to  Eq.(5).  This  value  has  been  found  to  be 

a  =  lO.O^^Li. 

cr 

Referring  to  Figure  5,  sharp  breaks  in  the  lateral  deflection  curves 
for  the  two  specimens  shown  occur  at  10.4  ksi  and  10.2  ksi.  With  this 
criterion  of  buckling,  the  errors  are  +4%  and  +2%  respectively.  The  source 
of  this  discrepancy  has  not  been  determined,  however  a  similar  discrepancy 
was  observed  in  the  short  time  buckling  of  aluminum  alloy  columns  at  500“F 
as  reported  in  Ref.  6.  The  probable  cause  of  this  discrepancy  for  the 
plates  is  believed  to  be  the  stiffening  effect  of  small  radii  at  the  inner 
corners  of  this  square  tube. 

B.  Creep  Buckling; 

In  Ref.(l)  it  was  shown  that  creep  buckling  solutions  are  analogous  to 
plastic  buckling  solutions  as  given  by  Eq.(l)  with  the  stipulation  that  the 
value  of  q  becomes  q,  .  The  subscript  here  indicates  that  the  appropriate 
material  properties  are  derived  from  constant  strain  rate  stress- strain 
curves  which  in  turn  are  derived  by  a  graphical  process  from  the  compressive 
creep  data.  The  process  is  described  in  detail  in  Ref.(l)  but  is  summarized 
below: 


The  compressive  creep  curves  given  in  Figure  4  are  graphically 
differentiated  to  obtain  strain-strain  rate  data  as  shown  in  Figure  10. 
Constant  strain  rate  stress- strain  curves  from  this  data  and  shown  in 
Figure  11  are  analyzed  to  obtain  q^  and  v.  On  a  plot  of  q^E  and  a  a 
straight  line  corresponds  to  a  particular  value  of  the  b/h  ratio. 

Shown  in  Figure  12  are  such  data  with  the  straight  line  appropriate 
to  b/h  =  23  and  k  =  4.15,  the  conditions  for  our  experiments.  Each 
intersection  of  this  straight  line  with  the  curves  of  q.E  represents 
an  unique  set  of  conditions  for  creep  buckling  which  have  been  given 
in  Figure  13.  In  order  to  predict  creep  buckling  times,  one  first 
finds  the  appropriate  strain  rate  for  buckling  for  the  applied  stress 
level  from  Figure  13.  Then  using  an  inverse  process  one  uses  Figure  10 
and  Figure  4  to  determine  the  theoretical  creep  buckling  times. 

Using  the  process  outlined  above,  the  theoretical  curve  shown  as  the 
solid  curve  in  Figure  14  was  obtained.  Shown  in  the  figure  by  open  circles 
are  the  experimental  times  for  lateral  deflections  to  reach  54  of  the  thick¬ 
ness  which  we  have  arbitrarily  designated  as  the  buckling  time.  The  crippling 
or  failure  times  have  been  indicated  on  Figure  14  by  closed  circles.  The 
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data  presented  in  the  figure  were  obtained  from  Figures  6  through  9. 

Short  time  data  from  Figure  5  are  also  given  in  Figure  14.  It  is  evi¬ 
dent  from  the  figure  that  the  short  time  discrepancy  is  reflected  in 
the  creep  buckling  results.  This  result  was  previously  observed  for 
the  column  tests  of  Ref. (6). 

An  approach  to  creep  crippling  involves  the  use  of  the  secant  modulus 
as  described  in  Ref. (7).  If  it  is  assumed  that 


Tj  =  E  /E 
s 


(6) 


and  Eq.(6)  is  substituted  in  Eq.(4) 


cr 


12(l-v^) 

e 


(7) 


But 


E  =  a/e 
s 


(8) 


Hence 


n  k 


12(l-v^)  ^ 
e 


(9) 


Using  the  appropriate  values  in  the  right  hand  side  of  Eq.(9)  results  in 


€  =  7090  micro-in/in 

cr 


(10) 


Eq.(lO)  implies  that  the  plate  will  cripple  when  the  end  shortening  strain 
reaches  the  value  computed.  The  secant  modulus  results  are  shown  as  the 
broken  curve  in  Figure  14. 

C.  Normalized  Stress  Representation  of  Creep  Buckling: 

A  more  rational  correlation  between  the  creep  buckling  data  and  the 
theory  can  be  made  if  the  discrepancy  in  the  short  time  results  are  sur- 
pressed,  in  view  of  the  apparent  dependence  of  creep  buckling  upon  the 
short  time  buckling  behavior.  This  can  be  accomplished  by  normalizing  the 
theoretical  creep  buckling  stresses  to  the  appropriate  short  time  theore¬ 
tical  critical  stresses  and  by  normalizing  the  applied  stresses  to  the 
appropriate  short  time  buckling  stresses  for  the  experiments.  Such  a  nor¬ 
malized  representation  is  shown  in  Figure  15.  The  normalized  data  are  in 
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substantial  agreement  with  the  normalized  theory  indicating  the  procedure 
to  be  valid  for  the  prediction  of  creep  buckling  times. 

D.  Normalized  Stress  Representation  of  Creep  Crippling; 

Although  the  constant  strain  rate  theory  was  developed  for  the  buck¬ 
ling  of  plates,  it  seemed  interesting  to  examine  its  predictive  value  for 
plate  crippling  in  normalized  form.  The  theoretical  creep  buckling  curve 
was  normalized  as  before.  The  experimental  applied  stresses  were  normalized 
to  the  short  time  crippling  stresses.  The  results  of  this  normalizing  pro¬ 
cedure  are  given  in  Figure  16  as  the  solid  curve.  A  similar  normalizing 
procedure  was  applied  to  the  secant  modulus  hypothetical  approach  and  the 
results  are  shown  in  Figure  16  as  the  broken  curve.  As  in  the  case  of  creep 
buckling  the  data  are  in  substantial  agreement  with  both  the  constant  strain 
rate  approach  and  the  secant  modulus  approach.  In  view  of  the  facility  with 
which  the  secant  modulus  hypothesis  can  be  applied,  it  could  be  recommended 
for  prediction  of  creep  crippling  times  when  used  in  normalized  form. 
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5.  Conclusions 


A  rather  significant  conclusion  that  is  apparent  from  the  test  data 
ahalyzed  herein  for  aluminum  alloy  2024-0  simply  supported  plates  at  500®F 
as  well  as  data  previously  analyzed  for  columns  in  Ref. (6)  is  concerned 
with  the  short  time  buckling  stresses  at  elevated  temperatures.  It  appears 
that  the  elevated  temperature  buckling  stress  can  significantly  exceed  the 
corresponding  theoretical  value.  The  short  time  behavior  is  reflected  in 
the  creep  buckling  and  creep  crippling  results.  As  a  consequence  of  this 
short  time  behavior,  it  is  necessary  to  correlate  creep  buckling  theory 
with  test  data  on  a  non-dimensional  stress  basis. 


At  the  normalized  representation  the  constant  strain  rate  creep  buck¬ 
ling  theory  represents  a  lower  bound  for  creep  buckling.  The  secant  modu¬ 
lus  approach  shows  reasonably  good  correlation  with  the  creep  crippling 
test  data.  It  would  appear  that  the  constant  strain  rate  theory  is  associa¬ 
ted  with  the  initial  development  of  lateral  deflections  in  the  plates  and 
the  secant  modulus  is  associated  with  crippling  or  failure  of  the  plates. 
Thus  it  is  concluded  that  the  constant  strain  rate  plate  creep  buckling 
theory  has  distinct  predictive  value  for  creep  buckling. 

The  results  and  conclusions  of  this  investigation  suggest  that  short 
time  elevated  temperature  tests  of  plates  are  required  to  establish  a  base 
point  for  creep  buckling  and  creep  crippling.  Using  this  base  point  the 
normalized  constant  strain  rate  plate  creep  buckling  theory  may  be  utilized 
to  construct  absolute  creep  buckling  predictions.  The  normalized  secant 
modulus  approach  appears  to  provide  a  particularly  simple  approach  for  the 
prediction  of  creep  crippling  of  plates. 
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FIGURE  2  UNTESTED  AND  CRIPPLED  SQUARE 
TUBE  PLATE  SPECIMENS. 


STRESS,  ksi 


FIGURE  3  AVERAGE  SHORT  TIME  COMPRESSION  STRESS  STRAIN 
CURVE  OF  ALUMINUM  ALLOY  2024-0  AT  500® F. 
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FIGURE  4  COMPRESSION  CREEP  CURVES  OF  ALUMINUM  ALLOY  2024-0 
FOR  VARIOUS  APPLIED  STRESS  LEVELS  AT  500“ F. 
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STRAIN  OR  END  SHORTENING,  MICRO-INCH/INCH 


FIGURE  5  END  SHORTENING  AND  LATERAL  DEFLECTION  DATA  AS  A  FUNCTION 
OF  STRESS  LEVEL  FOR  SHORT  TIME  BUCKLING  AND  CRIPPLING  EXPERIMENTS 
ON  SIMPLY  SUPPORTED  LONG  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  500® F 
WITH  b/h  =  23. 
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FIGURE  6  END  SHORTENING  AND  LATERAL  DEFLECTION  FIGURE  7  END  SHORTENING  AND  LATERAL  DEFLECTION 

DATA  AS  A  FUNCTION  OF  TIME  FOR  CREEP  BUCKLING  DATA  AS  A  FUNCTION  OF  TIME  FOR  CREEP  BUCKLING 

AND  CREEP  CRIPPLING  EXPERIMENTS  ON  SIMPLY  SUPPORTED  AND  CREEP  CRIPPLING  EXPERIMENTS  ON  SIMPLY  SUPPORTED 

LONG  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  500°F  WITH  LONG  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  SOO^F  WITH 

b/h  =  23.  APPLIED  STRESS  8400  psi.  b/h  =  23.  APPLIED  STRESS  7840  psi. 
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FIGURE  8  END  SHORTENING  AND  LATERAL  DEFLECTION  FIGURE  9  END  SHORTENING  AND  LATERAL  DEFLECTION 

DATA  AS  A  FUNCTION  OF  TIME  FOR  CREEP  BUCKLING  AND  DATA  AS  A  FUNCTION  OF  TIME  FOR  CREEP  BUCKI.ING  AND 

CREEP  CRIPPLING  EXPERIMENTS  ON  SIMPLY  SUPPORTED  CREEP  CRIPPLING  EXPERIMENTS  ON  SIMPLY  SUPPORTED 

LONG  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  SOO^F  WITH  LONG  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  500®F  WITH 

b/h  =  23.  APPLIED  STRESS  7280  psi.  b/h  =  23.  APPLIED  STRESS  6720  psi. 
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FIGURE  10  STRAIN- STRAIN  RATE  DATA  DERIVED  FROM  FIGURE  4. 


FIGURE  11  CONSTANT  STRAIN  RATE  STRESS- STRAIN 
DATA  DERIVED  FROM  FIGURE  10. 
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FIGURE  12  EFFECTIVE  MODULUS- STRESS  DATA  FOR  LONG 
FLAT  PLATES  UNDER  AXIAL  COMPRESSION  AS  DERIVED 
FROM  FIGURE  11. 
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STRESS,  ksi 

FIGURE  13  CONDITIONS  FOR  CREEP  BUCKLING  OF  LONG 
FLAT  PLATES  UNDER  AXIAL  COMPRESSION  DERIVED  FROM 
FIGURE  12. 
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FIGURE  14  CORRELATION  OF  CREEP  BUCKLING  THEORY  AND  EXPERIMENTS 
FOR  LONG  FLAT  PLATES  OF  ALUMINUM  ALLOY  2024-0  AT  500" F  UNDER 
AXIAL  COMPRESSION  WITH  b/h  =  23. 
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FIGURE  15  CORRELATION  OF  CREEP  BUCKLING  THEORY  WITH  EXPERIMENTAL 
CREEP  BUCKLING  TIMES  FOR  LONG  FLAT  PLATES  OF  ALUMINUM  ALLOY  2024-0 
AT  500® F  UNDER  AXIAL  COMPRESSION  WITH  b/h  =  23  EXPRESSED  IN  NORMA¬ 
LIZED  FORM. 


APPENDIX 


The  conventional  method  of  simulating  simple  support  boundary  conditions 
involves  the  use  of  the  vee  groove-knife  edge  configuration.  In  an  early 
series  of  experiments  we  adopted  such  a  configuration  and  designed  a  speci¬ 
men  edge  support  jig  containing  vee  grooves  to  receive  plate  specimens 
whose  unloaded  edges  had  been  bevelled. 

A.  Plate  Jig  Construction: 

Vee  grooves  had  been  ground  in  Inconel-X  segmented  flat  springs  and 
these  were  mounted  in  a  boxlike  jig.  Instrumentation  was  designed  and 
constructed  to  measure  end  shortening  and  lateral  deflection  of  the  plate. 

End  shortening  measurements  were  made  separately  on  the  two  unloaded  plate 
edges  by  means  of  extensometers  and  the  average  end  shortening  was  recorded. 
A  parallelogram  linkage,  employed  for  lateral  deflection,  measured  the  max¬ 
imum  buckle  amplitude  on  the  plate  irrespective  of  where  it  occurred.  This 
instrumentation  was  similar  in  design  to  that  shown  in  Figure  1. 

It  is  necessary  to  measure  both  lateral  deflection  and  end  shortening 
and  to  obtain  independently  the  pertinent  compressive  properties  of  the 
material.  The  lateral  deflection  measurements  indicate  when  significant 
lateral  deflections  develop  and  when  failure  occurs.  By  comparing  end  short¬ 
ening  with  the  pertinent  compressive  data,  the  presence  of  unsuspected  fric¬ 
tional  effects  which  may  be  contributed  by  the  supporting  jig  are  detectable. 

B.  Elastic  Evaluation  of  Plate  Jig: 

Our  past  experience  in  conducting  column  buckling  experiments  indicated 
that  short  time  tests  in  which  the  element  undergoes  elastic  buckling  are 
valuable  to  check  out  the  supporting  jig  and  the  instrumentation.  A  com¬ 
parison  of  the  experimental  buckling  stress  with  the  theoretical  value  in¬ 
dicates  the  efficacy  of  the  support  in  simulating  the  theoretical  boundary 
conditions.  In  a  plate  with  initial  imperfections  it  is  difficult  to  ascer¬ 
tain  when  buckling  has  occurred  since  the  element  can  continue  to  support 
load  after  buckling.  However,  Gerard  (5)  has  shown  that  the  failure  or 
crippling  of  simply  supported  elastic  plates  can  be  determined  from 

^  =  1.A2  [(h/b)(E/a  (11) 

cy  ^ 

The  value  of  the  numerical  multiplier  on  the  right  hand  side  of  Eq.(ll) 
is  detemined  by  the  boundary  conditions  on  the  unloaded  edges  and  the  1.42 
value  is  appropriate  for  simple  support. 

A  series  of  tests  were  performed  on  long  elastic  plates  of  aluminum 
alloy  2024-T3  in  the  spring-vee  groove  supporting  jig  at  room  temperature. 

The  approximate  plate  dimensions  were  1  in.  wide,  0.025  in.  thick  and  4.5  in. 
long  with  b/t  =  40.  Various  values  of  edge  clamping  force  were  employed  in 
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different  experiments. 

The  test  results  for  4  specimens  are  shown  in  Figure  17  in  the  form 
of  the  end  shortening  vs.  stress  curves.  For  these  specimens  the  value 
of  the  failure  stress,  as  computed  from  Eq.(ll)  was  found  to  be 

=  27  300  psi.  The  elastic  buckling  stress,  computed  from  the  conven¬ 
tional  formula  for  simply  supported  plates  was  =  25,000  psi.  These 
values  are  shown  in  Figure  17  together  with  the  stress  strain  curve 
the  material  as  determined  from  compressive  coupons  tested  in  a  compression 

jig- 

In  the  first  test,  specimen  EL-2,  the  edge  supports  were  firmly  clamped 
to  the  specimen  introducing  an  appreciable  in  plane  compressive  stress  per¬ 
pendicular  to  the  direction  of  loading.  The  failure  stress  for  this  spe 
„en  as  shown  In  Flguro  17  Is  within  0.4  percent  of  the 

However,  the  slope  of  the  end  shortening  curve  has  a  considerably  higher 
value  than  that  of  the  compressive  stress  strain  curve. 

In  the  second  experiment  with  specimen  EL-3,  only  enough  edge  force 
was  introduced  through  the  spring  supports  to  assure  the 

ing  of  the  specimen.  The  specimen  failed  at  a  stress  of  23,200  psi  as  shown 
in^Figure  17^which  is  lower  than  both  the  theoretical  failure  stress  and  the 
buckling  stress.  However,  the  end  shortening  response  followed  the  com¬ 
pressive  stress  strain  curve.  The  appearance  of  the  failed  specimen  was 
typical  of  the  buckling  of  a  wide  column  on  an  elastic  foundation. 

The  supporting  jig  was  modified  so  that  approximately  7  lbs.  load  could 
be  applied  through  the  edge  supports  to  retain  the  specimen  and  Prevent  wide 
column  buckling  and  failure.  This  introduced  a  stress  of  approximately 
250  psi  in  the  plane  of  the  specimen  perpendicular  to  the  loading  direction. 

TWO  specimens  were  tested  with  the  modified  arrangement  EL-4  and  EL-5_. 

As  shown  in  Figure  17,  the  end  shortening  response  follows  the  stress  strain 
turve^ntil  approximately  23,000  psi.  At  this  stress  level,  lateral  deflec¬ 
tions  occur  as  indicated  from  the  lateral  deflection  record  (not  shown)  and 
the  specimens  fail  within  ±  0.4  percent  of  the  theoretical  value. 

On  the  basis  of  the  tests  of  EL-4  and  EL-5  the  simple  support  simulation 
iig  was  initially  acceptable  for  the  test  program.  It  ^'^terestingto  note 
Lwever  that  in  the  case  where  appreciable  restraint  was  introduced  in  speci¬ 
men  EL-2,  the  theoretical  failure  stress  was  still  obtained,  notwithstanding 
the  fact  that  the  specimen  end  shortening  departs  from  the  stress  strain  curve, 
^hL  indicates  that  only  at  failure  is  the  full  applied  load  developed  in  the 
specimen  and  that  prior  to  failure  a  portion  of  the  applied  load  is  taken  out 
through  friction  by  the  supporting  mechanism. 


C.  Initial  Plate  Tests  at 

Plate  specimens  with 
thick  aluminum  alloy  2024' 


500°F: 

b/h  =  40  and  b/h  =  25  were 
T3  and  these  were  annealed 


machined  from  0.040  in. 
to  the  2024-0  condition 


26 


prior  to  testing.  Compression  test  coupons  were  prepared  in  a  similar 
manner  and  annealed  together  with  the  plate  specimens.  Short  time  com¬ 
pressive  stress  strain  and  creep  tests  were  performed  on  the  test  coupons, 
the  latter  at  a  number  of  applied  stress  levels.  Short  time  stress  strain 
tests  were  performed  on  the  coupons  at  an  initial  strain  rate  of  .04  min"^, 
a  value  which  was  used  for  the  short  time  plate  tests  and  for  the  load 
application  during  the  coupon  creep  and  plate  creep  tests. 

Short  time  and  creep  buckling  tests  were  performed  on  plates  using 
the  same  arrangement  as  had  been  employed  in  the  elastic  plate  experiments. 

An  allowance  was  made  in  the  tightening  procedure  to  take  into  account  the 
differential  expansion  of  specimen  and  jig  in  the  heating  to  the  500®F  test 
temperature. 

When  the  end  shortening  data  from  plate  tests  were  compared  with  the 
appropriate  coupon  data,  it  was  found  that  for  both  the  short  time  tests 
and  the  creep  buckling  tests  the  plate  strain  values  were  always  well  be¬ 
low  those  for  the  coupons  at  comparable  stress  levels  and  comparable  times. 
Strain  rate  effects  during  loading  were  eliminated  as  a  cause  of  the  dis¬ 
crepancy  . 

On  the  other  hand  a  calculation  of  the  short  time  failure  stress  based 
upon  Eq.(ll)  for  b/h  =  40  plates  indicated  that  the  initial  experimental 
data  were  within  5  percent  of  the  theoretical  values. 

Frictional  effects  in  the  support  mechanism  were  suspected  as  the  cause 
of  the  discrepancy  and  an  evaluation  program  was  initiated  to  gain  further 
insight  into  the  experimentally  revealed  phenomena. 

D.  Evaluation  Experiments  on  Plates  at  500°F: 

1.  Short  Time  Tests:  End  shortening  data  for  the  initial  short  time 
plate  tests  for  b/h  =  40  are  shown  as  curves  1,  2  and  3  in  Figure  18.  The 
average  short  time  compressive  stress  strain  curve  is  also  shown.  Theore¬ 
tical  values  of  the  buckling  stress  and  failure  stress  are  also  shown  in 
the  figure. 

Two  experiments  were  performed  with  a  greatly  reduced  edge  clamping 
force  just  sufficiently  large  to  maintain  specimen  alignment.  The  end  shorten¬ 
ing  response  is  shown  as  curves  4  and  5  in  Figure  18.  Here  the  experimental 
failure  stress  is  below  the  theoretical  value  but  above  the  buckling  stress. 

The  end  shortening  curve  lies  above  the  stress  strain  curve.  The  two  speci¬ 
mens  failed  in  the  manner  of  wide  columns  on  an  elastic  foundation. 

In  all  five  experiments  there  appeared  to  be  frictional  effects  in  the 
jig.  It  was  suspected  that  during  the  heating  process,  minute  creep  dis¬ 
tortions  of  the  specimen  edges  in  the  small  spaces  between  the  vee  groove 
spring  segments  were  introducing  longitudinal  restraint  on  the  specimen. 

The  springs  were  replaced  by  solid  blocks  into  which  had  been  ground  similar 
vee  grooves  to  accommodate  the  plate  specimen. 
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A  second  series  of  tests  was  performed  using  comparable  edge  clamp¬ 
ing  forces  with  the  modified  arrangement.  The  end  shortening  data  for 
these  experiments  are  shown  in  Figure  18.  In  curves  6  and  7  the  edge 
clamping  forces  were  comparable  to  those  used  in  tests  1,  2  and  3 .  On 
the  average  there  appears  to  be  only  a  slight  improvement  in  reducing 
friction.  In  the  final  short  time  experiment  shown  in  curve  8  the  clamp 
ing  forces  were  comparable  to  those  used  in  tests  4  and  5 
sufficiently  large  to  position  the  specimen.  The  specimen  failed  below 
the  theoretical  buckling  stress  in  the  wide  column  mode.  Yet  even  ^lere 
friction  has  not  been  eliminated  since  the  end  shortening  curve  is  still 
above  the  short  time  compressive  stress-strain  curve. 


2.  Creep  Tests:  A  comparable  series  of  evaluation  experiments  using 
the  se^ented  spring  and  the  solid  vee  groove  edge  supports  was  performed 
on  b/h  =  25  plates  at  500®?  under  an  applied  stress  of  6,720  psi.  For 
these  plates  the  theoretical  short  time  buckling  stress  =  10,200  psi, 

and  the  failure  stress  is  in  excess  of  13,000  psi.  The  end  shortening 
results  are  shown  in  Figure  19.  Also  shown  in  the  figure  are  the  lateral 
deflection  data  and  the  appropriate  compressive  creep  data  for  the  same 
applied  stress  level. 


In  the  experiments  for  curves  9  and  10,  spring  vee  groove  supports 
were  used  with  the  normal  clamping  force.  In  the  experiments  for  curves 
11,  12  and  13  solid  vee  groove  supports  were  employed. 


If  no  frictional  restraints  were  present  we  should  expect  the  end 
shortening  curve  to  follow  the  compressive  creep  curve  until  significant 
lateral  deflections  of  the  plate  occurred.  Thereafter,  as  the  buckle  wave 
form  developed  and  lateral  deflections  increased,  the  end  shortening  curve 
should  show  larger  creep  strains  in  comparable  times  than  the  compressive 
creep  curve.  For  all  the  data  shown  in  Figure  7  the  end  shortening  strains 
are  lower  than  the  creep  strains  even  after  significant  lateral  deflections 
have  taken  place  and  only  just  prior  to  failure  does  the  end  shortening  in¬ 
crease  above  the  creep  curve.  This  is  true  for  both  types  of  supports  al¬ 
though  the  solid  support  is  somewhat  superior  to  the  segmented  spring.  In 
both  however,  the  frictional  effects  are  sufficiently  large  to  preclude  the 
use  of  the  data  for  comparison  with  theory. 


E.  Conclusions: 

Based  upon  the  evaluation  experiments,  the  following  conclusions  can 
be  drawn: 

1  The  knife  edge-vee  groove  arrangement  can  be  employed  to  simulate 
simple ’support  boundary  conditions  on  elastic  plates  at  room  temperature. 

2  At  elevated  temperatures  in  two  different  knife  edge-vee  groove  con 
figurakons,  there  were  significant  frictional  effects  which  served  to  re¬ 
strain  the  end  shortening  of  the  plate. 
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3.  Although  frictional  effects  are  present  in  knife  edge-vee  groove 
configurations,  these  effects  appear  to  have  little  influence  on  the 
crippling  strength  of  plates  in  short  time  experiments. 

It  was  on  the  basis  of  this  evaluation  program  that  the  vee  groove- 
knife  edge  configuration  was  abandoned  and  the  square  tube  configuration 
adopted . 
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FIGURE  19  END  SHORTENING  AND  LATERAL  DEFLECTION  DATA  FOR  CREEP  BUCKLING  EXPERIMENTS  ON 
ALUMINUM  ALLOY  2024-0  PLATES  WITH  b/h  =  25  AT  500* F  SHOWN  WITH  CCMPARABLE  COMPRESSIVE  CREEP 
DATA  AT  AN  APPLIED  STRESS,  a  =  6720  psi.  SIMPLE  SUPPORT  SIMULATED  BY  VEE  GROOVE- KNIFE  EDGE  JIG 
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